When cells are activated by calcium-mobilizing agonists at low, physiological concentrations, the resulting calcium signals generally take the form of repetitive regenerative discharges of stored calcium, termed calcium oscillations [1] . These intracellular calcium oscillations have long fascinated biologists as a mode of digitized intracellular signaling. Recent work has highlighted the role of calcium influx as an essential component of calcium oscillations [2] . This influx occurs through a process known as storeoperated calcium entry, which is initiated by calcium sensor proteins, STIM1 and STIM2, in the endoplasmic reticulum [3] . STIM2 is activated by changes in endoplasmic reticulum calcium near the resting level, whereas a threshold of calcium depletion is required for STIM1 activation [4] . Here we show that, surprisingly, it is STIM1 and not STIM2 that is exclusively involved in calcium entry during calcium oscillations. The implication is that each oscillation produces a transient drop in endoplasmic reticulum calcium and that this drop is sufficient to transiently activate STIM1. This transient activation of STIM1 can be observed in some cells by total internal reflection fluorescence microscopy. This arrangement nicely provides a clearly defined and unambiguous signaling system, translating a digital calcium release signal into calcium influx that can signal to downstream effectors.
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Results and Discussion
STIM2, but Not STIM1, Regulates Basal Ca 2+ We initially confirmed key observations regarding the actions of STIM1 and STIM2. As previously reported [4] , when Ca 2+ stores were gradually depleted, STIM2 moved near plasma membrane areas sooner than STIM1 (Figures S1A, S1B, S3C, and S3D). Consistent with this finding, overexpression of STIM2, but not STIM1, resulted in constitutive Ca 2+ entry (Figures S1C-S1I). As reported [5] , STIM2 overexpression had a partial inhibitory effect on store-operated Ca 2+ entry (SOCE) activated by thapsigargin in cells transfected with 2 mg cDNA/ well, but not with 0.5 mg cDNA/well. However, both plasmid concentrations caused an elevation in constitutive entry (Figures S1G-S1I). Also as reported [2, 4, 6, 7] , knockdown of STIM1 by RNAi almost completely eliminated SOCE, whereas knockdown of STIM2 produced a minimal effect ( Figure S2 ).
It has been suggested that inhibition by overexpressed STIM2 might result from downregulation of Orai1 [4] . However, by immunoblot, we saw no difference in Orai1 levels between cells transfected with 0.5 mg cDNA/well and those transfected with 2.0 mg cDNA/well (not shown).
Effect of STIM2 Expression and Knockdown on Calcium Oscillations
Activation of HEK293 cells with low concentrations of the PLClinked agonist methacholine (MeCh) results in repetitive cytoplasmic calcium transients, or oscillations. An underlying entry of Ca 2+ maintains these oscillations, and it has been suggested that this entry could be activated by arachidonic acid [8] . However, more recent work demonstrated that the entry associated with oscillations in HEK293 cells is SOCE [2, 9] . Thus, maintenance of MeCh-induced calcium oscillations depends on SOCE but involves minimal depletion of ER calcium [9] . STIM2 is expressed in HEK293 cells ( Figure S2 ), and thus with low agonist stimulation, a predominant role for STIM2 is expected. However, knockdown of STIM1 substantially reduced the frequency of sustained Ca 2+ oscillations ( Figure 1C ), to the same extent as removal of extracellular Ca 2+ [2] , whereas knockdown of STIM2 had no effect (Figures 1B and 1C) . Also, transient expression of STIM2 with 0.5 mg [cDNA] was without effect, whereas 2 mg [cDNA] inhibited oscillations ( Figure 1D ), consistent with inhibition of SOCE by STIM2 ( Figure S1 ).
An EF-Hand Mutant of STIM2 Is a Poor Activator of Orai1
These results indicate that either overexpression or knockdown of STIM2 minimally affects Ca 2+ oscillations. This could be because activation of Orai1 by STIM2 is significantly weaker than activation by STIM1. STIM2 has been shown to activate Orai1-dependent Ca 2+ signals when both STIM2 and Orai1 are overexpressed [10] , and we confirmed this observation (data not shown). However, when both proteins are overexpressed, their stoichiometry is unknown, and the efficiency of interaction cannot be ascertained. When expressed on their own, neither STIM1 nor STIM2 substantially increases entry ( Figure S1 ), probably because endogenous STIM proteins are sufficient for activation of endogenous Orai. One way to assess the ability of these proteins to activate endogenous Orai is to inhibit SOCE by knocking down STIM1 and then determine the ability of transfected STIMs to rescue entry. Previously, we demonstrated that with this protocol, only STIM1 and not STIM2 could restore SOCE [2] . A second strategy is to examine constitutive Ca 2+ entry after overexpression of the respective EF-hand mutants of STIM1 and STIM2. Because Orai1 is not overexpressed, it is likely that in each case, all or most Orai1 channels are engaged by EF-hand mutant STIMs. Use of EF-hand mutants obviates the need for Ca 2+ store depletion and ensures that only effects of the transfected STIMs will be seen. We utilized a D76N/D78N-EYFP-STIM1, which we described previously [11] , and a mutant of EYFP-STIM2 (D80A) previously shown to have constitutive activity [4] . Overexpression of EF-hand mutant STIM1 caused substantial constitutive Ca 2+ entry (Figures 2A, 2B , 2G, and 2F); however, EF-hand mutant STIM2 did not cause detectable Ca 2+ entry ( Figures 2C, 2G , and 2H). Thapsigargin-activated SOCE was, if anything, partially inhibited ( Figures 2D, 2G , and *Correspondence: putney@niehs.nih.gov 2H), as seen with wild-type STIM2 [5] . EF-hand mutant STIM2 was clearly present and constitutively active because co-overexpression with Orai1 resulted in substantial constitutive Ca 2+ entry ( Figures 2E, 2F , 2G,and 2H). Co-overexpression of EFhand mutant STIM1 and Orai1 resulted in cells that tended to detach and appeared apoptotic, presumably as a result of a large constitutive Ca 2+ influx. These findings suggest that the ability of STIM2 to activate Orai1 is severely limited in comparison to STIM1. Calcium influx through STIM2-activated channels that is sufficient to cause detectable elevations in cytoplasmic calcium can apparently only be demonstrated under conditions of Orai1 overexpression. (6 SEM) showing that overexpression of STIM2, at 0.5 mg/well, had no effect on oscillation frequency, whereas at 2.0 mg/well there was a partial inhibition.
Intracellular Localization of STIM1 and STIM2 during Ca
depletion of intracellular stores appears to be necessary for STIM1 translocation ( Figure S1 ), yet the RNAi data clearly indicate an obligatory role for STIM1 during oscillations when global Ca 2+ depletion is minimal [2] . Thus, we examined movements of STIM1 and STIM2 under conditions of submaximal, physiological receptor activation that gives rise to Ca 2+ oscillations. We employed a technique combining total internal reflection fluorescence microscopy (TIRFM) and [Ca 2+ ] i monitoring. Maximal depletion of stores with 200 mM MeCh (Figure 3A) , 2 mM thapsigargin, or 10 mM ionomycin activated robust translocation of STIM1 to near-membrane regions without affecting other endoplasmic reticulum markers (not shown). When we used a low concentration of MeCh to induce oscillations [9] , we observed a variety of responses. In a minority of cells, there was no detectable TIRFM response despite obvious [Ca 2+ ] i oscillations (39/91 cells, Figure 3B ). However, in 52/91 cells, a TIRFM response developed, always after some delay (w100 s; Figure 3C and see also Figure S3C ). In some of these responding cells (10/ 52 cells), agonist-induced [Ca 2+ ] i transients were closely followed by transient movements of EYFP-STIM1 to and from the plasma membrane ( Figure 3C , expanded in Figure 3D ). Coordination of EYFP-STIM1 movements with [Ca 2+ ] i transients implies that intracellular Ca 2+ stores sense their fill status and relay this information in a proportional and synchronized fashion. The reason that some cells did not show a TIRF response while oscillating is not known, but there are a number of possibilities. First, the time constant for activation of I crac is tens of seconds [12] , which in some cells might be too slow for STIM1 movements to resolve as discrete events. Second, overexpression of EYFP-STIM1 might occlude subtle movements of STIM1 in small cellular compartments. Third, STIM1 movements might occur in membrane areas other than those near the coverslip, which is the only surface observable by TIRFM.
The Figure S3A ), and the delay in the TIRFM response was reduced (78 s, Figure S3C ). Presumably, these changes reflect enhanced depletion of a critical Ca 2+ pool when there is no entry to replenish it. Interestingly, removal of extracellular Ca 2+ increases the global loss of Ca 2+ from intracellular stores by only a miniscule amount [9] .
We also examined movements of EYFP-STIM2 in oscillating cells (Figure 4) . Consistent with the observed greater sensitivity of STIM2 to small changes in ER Ca was substantially greater (88.6%, see Figure S3B ), and the delay to onset of the response was substantially shorter (28.1 s, see Figure S3D ), than for EYFP-STIM1 (16.7% and 102.9 s, respectively, see Figure S3 . Thus, STIM2 responds strongly to the limited Ca 2+ discharges associated with [Ca 2+ ] i oscillations but apparently cannot produce sufficient activation of Orai channels to support the necessary underlying Ca 2+ entry (consistent with data in Figures 1 and 2) . The limited ability of STIM2 to activate Orai channels is understandable if the function of STIM2 is primarily for longterm maintenance of intracellular Ca 2+ homeostasis [4] . The more efficient STIM1 requires substantial Ca 2+ loss from intracellular stores for its activation, and this may be important in protecting cells from excessive cytoplasmic Ca 2+ fluctuations resulting from minimal perturbations of Ca 2+ stores. This may also explain why overexpression of STIM2 has an inhibitory effect [5] ; when present in excess, it may behave like a partial agonist. The inability of STIM2 to strongly activate Orai1 may be due to the presence of an intracellular inhibitor [10] . If so, STIM2 could function in a signaling capacity in other cell types where the inhibitor is present at a lower concentration. Recently reported findings with a STIM2 knockout mouse have shown a clear, albeit subtle, function of STIM2 in longterm T cell activation [13] . We believe that the major function of STIM2 is maintenance of steady-state cellular Ca 2+ homeostasis as originally suggested by Brandman et al. [4] . Because STIM2 appears to be partially active in resting cells, it would seem problematic if it were fully capable of activating Orai channels. With low concentrations of agonist, which produce intracellular Ca 2+ oscillations, STIM2 responds more robustly than STIM1 to this minimal degree of intracellular store depletion. However, the inability of STIM2 to strongly activate Orai apparently prevents significant contribution to the underlying Ca 2+ entry. I crac signaling. Although we cannot measure directly the small current underlying Ca 2+ oscillations, given the interspike interval of the order of several minutes and the time constant of I crac of the order of tens of seconds, it is possible that influx might sometimes be similarly digitized in synchrony with Ca 2+ release and STIM1 movement. However, regardless of the temporal nature of the resulting Ca 2+ influx, what is more important is its obligatory link to the digital release event. Each Ca 2+ oscillation will transiently drop ER Ca 2+ content into the STIM1 sensitivity range, ensuring some degree of STIM1 activation even at very low agonist concentrations. This conclusion fits nicely with the report by Di Capite et al. [22] , who demonstrated that in oscillating mast cells, Ca 2+ entering through CRAC channels preferentially initiates signaling to increase gene expression. Thus, we may have to rethink the idea that store-operated entry functions simply to maintain Ca 2+ stores for a digitally encoded Ca 2+ release signal; rather, in at least some instances, the function of the regenerative Ca 2+ release spikes might be to activate STIM1-dependent store-operated Ca 2+ entry that constitutes the primary signal to downstream effectors.
Experimental Procedures
Cell Culture HEK293 cells (ATCC) were cultured in Dulbecco's minimum essential medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 2 mM glutamine and maintained in a humidified 95% air, 5% CO 2 incubator at 37 C. In preparation for cDNA transfection, cells were transferred to 6-well plates and allowed to grow to w90% confluence. In preparation for Ca 2+ measurements, cells were cultured to about 70% confluence and then transferred onto 30 mm round glass coverslips (#1.5 thickness). The cells were allowed to attach for a period of 6 hr, after which additional DMEM was added to the coverslip, and the cells were maintained in culture for an additional 24-36 hr before use in Ca 2+ measurements.
cDNA Transfection HEK293 cells were transfected with either Lipofectamine 2000 (Invitrogen; 2 ml per well) or electroporation (Amaxa, Nuclefector Kit V) with cDNA for EYFP, EYFP-STIM1, or EYFP-STIM2. After a 6 hr incubation period, the medium bathing the cells was replaced with complete DMEM and maintained in culture. After 24 hr, cDNA-treated cells were transferred to 30 mm glass coverslips in preparation for Ca 2+ measurements as described above; measurements were carried out on the following day. The concentrations of plasmids used were 0.5 mg/well for EYFP-STIM1 and 0.5 or 2.0 mg/ well for EYFP-STIM2.
siRNA Knockdown HEK293 cells were plated in a 6-well plate on day 1. On day 2, cells were transfected with siRNA (100 nM) against STIM1 (IDT), STIM2 (IDT), Orai1 (Invitrogen), or siCONTROL (Dharmacon) via Metafectene (Biontex Laboratories GmbH, Martinsried/Planegg, Germany, 7 ml per well), and siGLO (Dharmacon) was included as a marker. The sequences of the siRNA used were as follows: STIM1, AGAAGGAGCUAGAAUCUCAC [23] ; STIM2, AACT GAGAAGCAGTTGGTCTG [6] ; and Orai1, CCCUUCGGCCUGAUCUUUAUC GUCU [23] . After an 8 hr incubation period, the medium bathing the cells was replaced with complete DMEM and maintained in culture. On day 3, cells were transferred to 30 mm glass coverslips in preparation for Ca 2+ measurements as described above; measurements were carried out on day 4 or 5. The effectiveness of these siRNAs in knocking down protein levels was determined by immunoblot ( Figure S2 ).
Combined Calcium Measurements and TIRF Microscopy on Single HEK293 Cells
Fluorescence measurements were made in HEK293 cells transfected with EYFP-STIM1 or EYFP-STIM2 and loaded with the ratiometric calciumsensitive dye fura-5F. In brief, coverslips with transfected cells were mounted in a Teflon chamber and incubated in DMEM with 1 mM fura-5F/ AM at 37 C in the dark for 25 min. Both TIRFM and calcium measurements were performed on an Olympus IX71 inverted microscope equipped with a 603 1. 45 NA objective lens and an Olympus (Melville, NY) IX2-RFAEVA-2 illumination system. Illumination for TIRFM was provided by a 488 nm argon ion laser (Melles Griot, Carlsbad, CA) directed through a fiber optic cable. At the same time, excitation wavelengths for fura-5F (360 nm and 380 nm) were provided by a Xenon arc lamp and a motorized filter wheel. The emitted fluorescence passed through a D525/50 m filter. All images were captured by a Photometrics Cascade 512F cooled CCD camera (Roper Scientific, Tucson, AZ). Control of image acquisition and analysis was performed with MetaFluor software (Molecular Devices Corp., Downington, PA). Changes in intracellular calcium are represented as the ratio of fura-5F fluorescence due to excitation at 360 nm to that due to excitation at 380 nm (ratio = F360/F380). Changes in the TIRFM signal represented by the ratio measured fluorescence, F, divided by the TIRFM signal at the beginning of the experiment, Fo (ratio = F/Fo). The effects of agonist stimulation on the TIRFM signal were also expressed as a percentage of the maximal TIRFM signal elicited by thapsigargin or ionomycin treatment in the same cell (see Figure 3A) .
When only intracellular calcium was being monitored, cells were mounted onto a Nikon TS-100 inverted microscope equipped with a 203 fluor objective lens (0.75 NA), and fluorescence images were recorded and analyzed with a digital fluorescence imaging system (InCyt Im2, Intracellular Imaging Inc., Cincinnati, OH) equipped with a light-sensitive CCD camera (Cooke PixelFly, ASI, Eugene, OR). For monitoring of Fura-5F fluorescence, the dye was alternately excited at 340 and 380 nm, and the emission wavelength was collected at 510 nm. Changes in intracellular calcium are represented as the ratio of fura-5F fluorescence due to excitation at 340 nm to that due to excitation at 380 nm (ratio = F340/F380). We utilized the lower-affinity indicator fura-5F (Kd = 400 nM) to ensure that the data were well below saturation; the ratios we report are for the most part <1.0, well below the average observed Rmax of 5.6. The ratio changes in fields of fura-5F-loaded cells were collected from multiple regions of interest (ROI), with each ROI representing an individual cell. Typically, 25 to 35 ROIs were monitored per experiment. In all cases, ratio values have been corrected for contributions by autofluorescence, which we measured after treating cells with 10 mM ionomycin and 20 mM MnCl 2 .
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